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The relationship between 7-methylguanine (7-meG) formation 
in white blood cells (WBC) and internal organs after 
treatment with methylating carcinogens has been studied in 
rats, in order to assess the possible use of WBC as a surrogate 
for target organs in epidemiological studies. Animals were 
treated with a single intraperitoneal injection of DMN, DMH 
or NMBA or with a subcutaneous injection of NNK, at 
different dose levels, and killed 16 h after treatment. 7-meG, 
following thermal hydrolysis and immunopurification, was 
analysed by HPLC with electrochemical detection. 
Administration of methylating carcinogens resulted in the 
lose-dependent formation of 7-meG in WBC DNA; the 
adduct level, however, was markedly lower than in internal 
organs. The ratio between 7-meG formation in target organ 
and WBC was a function of the carcinogen administered, 
varying from 3.6 with NNK to 200 with NMBA. On the other 
hand, the ratio between 7-meG in the liver and WBC was 
of the same order of magnitude for each carcinogen, ranging 
from 35 to 100. These results show that the presence of 7-meG 
in WBC DNA is indicative of adduct formation in internal 
organs, particularly in the liver, and suggest that active 
methylating species may be formed in the liver and then 
transferred to the WBC where they can methylate DNA. 


Introduction 

DNA adducts represent an integration of carcinogen exposure 
and metabolism, as well as DNA repair and cell proliferation. 
DNA adducts are therefore a promising biomarker for the 
evaluation of individual human exposure to environmental agents 
(I). DNA adduct quantification in internal organs may provide 
useful information on the biologically effective dose of 
.arcinogens and, in addition to other parameters, could be 
indicative of tissue susceptibility to carcinogenesis. However, 
DNA from target tissues is rareiy available and this has been 
a limiting factor in epidemiological studies. Therefore, surrogate 
sources of DNA have been used, including peripheral blood 
ceils (2). 

Methylating agents, including A-nitrosamines (NNO*), are an 
important class of carcinogens widespread in the environment 
(3) which, after metabolic activation, result in the formation of 
different DNA methylation adducts. In addition, DNA 
methylation can also occur from endogenous cellular processes, 
including non-enzymatic reactions with S-adenosylmethionine as 

* Abbreviations: NNO, N-rairosamin«;. 7-medG; 7-nvShyidcoxyguanosine; WBC. 
white blood cells- DMN, dimeihyiniirosamine; DMH, 1,2-dunethylhydrizine,- 
NNK, 4-<methylnitrosamino)- l-(3-pyridyi)-1 -butanone; NMBA, N-mtros^A’- 
methyl benzyJaminc; 7-mcG, 7 -methylfluanine: ECD, dcctrocbcmfca] detector; 
G, guanine; (? 6 -mcdG, 0 6 -mcthyldeoxyguanasine. 
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the methyl donor (4,5). 7-Methyldeoxyguanosine (7-medG) 
represents at least 70% of total methylation adducts following 
a single exposure to NNO and, due to its low repair by the 
mammalian methylpurine-DNA glycosylase, can accumulate in 
DNA upon repeated exposure (6-8). This adduct, therefore, 
appears to be a suitable marker for assessment of exposure to 
methylating agents in epidemiological studies. Several pilot 
studies reported the presence of this adduct in human tissues and 
peripheral blood ceils (9). However, the relationship between 
the formation of 7-medG and other DNA adducts in white blood 
cells (WBC) compared to internal organs has been examined only 
to a very limited extent. The use of WBC as a surrogate for target 
organs therefore requires better validation in order to more 
reliably interpret data obtained in molecular epidemiological 
studies. 

In the present study we investigated the level of 7-medG 
formation in rat WBC, liver and target organs after a single 
treatment with methylating carcinogens having different organ 
specificity for carcinogenesis. Dimethylnilrosamine (DMN), 

1,2-dimethylhydrazine (DMH), 4-(methylnitrosamino)-l-(3-pyri- 
dyl)-l-butanone (NNK) and A-nitroso-A-methylbenzylamine 
(NMBA) were used, with liver, colon, lung and oesophagus as 
major target organs, respectively. 

Materials and methods 

Chemicals 

7-Methylguanme (7-meG), DMN and DMH were from Sigma (Si Louis. MO). 
NNK was from Chemsyn Science Laboratories (Lenexa, KS) and NMBA was 
from lwai Kagaku Yakuhin Co. (Tokyo, Japan). 

Animals and carcinogen treatment 

Male BD IV rats 9 weeks old, bred in the animal house of the International Agency 
for Research on Cancer, were used for treatment, with 4 —5 animals per group. 
All carcinogens were dissolved in saline and the doses were as follows: DMN 
2, 10 and 20 mg/kg. DMH 20 and 100 mg/kg and NMBA 6 mg/kg were 
administered in a single i.p. injection; NNK 75 and 150 mg/kg were injected 
subcutaneously: Control animals were treated i.p. with saline. The animals were 
fasted overnight after treatment. Sixteen hours after treatment animals were 
anaesthetized with ether and —7 ml blood was collected from the abdominal vena 
cavae into heparinized tubes. Liver, colon, lung and oesophagus were then 
removed, immediately frozen in liquid nitrogen and scored at —30°C. Blood was 
incubated for 90 min at 37°C with a one-third volume 3% gelatin dissolved in 
a balanced salt solution to precipitate red blood cells. Supernatants were then 
centrifuged and the total WBC obtained in the pellet were counted and then stored 
at -30 ! 'C until analysis. Approximately 5 5X 10 7 cells and 150 fig DNA were 
obtained from each blood sample. 

DNa isolation 

Tissues, except for the oesophagus, were powdered in liquid nitrogen (6700 
rcezcr/Mdl, Spex, Edison, NJ.i. Liver DNA was isolated by a phenol procedure 
as previously described (10). WBC and homogenized colon, lung and oesophagus 
were incubated at 37°C overnight in 400 tnM NaCl, 2 mM EDTA, 10 mM Tris 
u er. pH 8. with 107i SDS (1/10 vo!) and proteinase K (500 mg/ml solution), 
notems were preopuated with saturated NaCl (1/3 vol) and, after centrifugation, 

A was obtained from the supernatant by addition of absolute ethanol. RNase 
treatments were then performed as described (II). 

7*mcdG analysis 

was ^^ysed as previously reported (II). Briefly, 7-meG was released 
„p. r _ err JJ a * hydrolysis, purified by immurraaffinity columns and quantified by 
ESA ^^-, deCtrCKhernicaI detector (ZCV) A coutomctric BCD (Model 5100; 
i cdiord, MA) was used with an oxidation potential of 0,80 V, UndeT 

1137 


PM3001192499 


Source: https://www.industrydocuments.ucsf.edu/docs/xqwk0001 




Y '.iiiartcmiu aiw 


Tabic 1. Levels of 7-mcG in WBC. liver and target organs in rats treated with a single dose of methylating carcinogens 


Compound 3 

Dose 

pmol 7-meG/^mo! G (mean ± SE) 



* 

(mg/kg) 


L,iver 



WBC 

Target organ b 

DMN 

2 

8.1 ± 0.8 

267 * 7 



10 

15.8 ± 1.7 

1553 ± 90 



20 

43.8 ± 7.5 

2145 ± 351 


DMH 

20 

19.2 ± 1.4 

936 ± 59 

236 ± 4 (c) 


100 

138.9 ± 12.6 

1401 ± 309 

1080 4= 154 (e) 

NNK 

75 

n.d. 

n.a. 

n.a. 


150 

15.0 ± 2.7 

1194 ± 121 

47 ± 2 0) 

NMBA 

6 

3.3 ± 0.3 

205 ± !2 

656 ± 235 (oe) 

Controls 


n.d. 

7 ± 2.7 

1.8 ± 0.1 (c) 


1.9 ± 0.3 (1) 
50.7 ± 8.5 (oe) 


*DMN, DMH and NMBA were administered i.p., NNK was administered s.c.; 4-5 animals per group. 

“Target organs refer to liver, colon (c), lung (I) and oesophagus (oe) for DMN, DMH, NNK and NMBA, respectively, 
n.d., not detectable, 
n.a., not analysed. 


isocratic conditions using 50 mM potassium phosphate buffer, pH 5.5/MeOH 
(95:5 v/v) at a flow rate of 1 ml/min, 7-meG was eluted at — 12 min and the 
absolute detection limit was 0.1 pmol adduct. Each sample was injected twice 
and the amount of 7-meG was calculated by comparison with a calibration curve. 
The error variance of repeated injections depended on the adduct level, being 
lower with lower levels of 7-mcG injected. However, as expressed as a coefficient 
of variation, the reproducibility was approximately equal at high and low levels 
of 7-meG (CV = 12%). The DNA pellet obtained after thermal hydrolysis was 
subjected to a further hydrolysis in 0.1 M HC1 to release guanine (G), which 
was quantified by HPLC as described (11). Results were expressed as pmol 
7-mcG/runol G. 


Results 

Levels of 7-meG measured in rat WBC and internal organs after 
treatment with methylating carcinogens are reported in Table I. 
Administration of all four carcinogens resulted in the formation 
of 7-meG in WBC DNA, while the adduct was not detected in 
WBC from control animals (detection limit: 2 pmol/gmol G). 
With DMN and DMH, adduct formation in WBC was dose- 
dependent. 

For each carcinogen DNA methylation was markedly lower 
in WBC compared to internal organs. DMN treatment induced 
a dose-dependent formation of 7-meG in the liver, the adduct 
being 267, 1553 and 2145 pmoi/pmol G with 2, 10 and 20 mg/kg, 
respectively. For DMH and NNK, the level of 7-meG was higher 
in the liver compared to the colon and the lung, respectively, 
whilst for NMBA the methylation level in the oesophagus was 
3-fold higher than that in the liver. With 20 mg/kg DMH 7-meG 
was approximately four times higher in the liver than the colon, 
but the higher dose of 100 mg/kg did not result in a significant 
increase in adduct formation in the liver, so that the adduct level 
in the two organs was similar at the latter dose. 7-meG was not 
determined at the lower dose of NNK because the adduct was 
not detectable in WBC. The level of 7-meG detected in internal 
organs in our experiment is in accordance with values reported 
in the literature with the same carcinogens (12—15). 

7-meG was observed in tissues other than WBC in control rats, 
the mean level being 7.0, 1.8, 1.9 and 50.7 pmol/pmol G in liver, 
colon, lung and oesophagus, respectively. This level was not due 
to 7-meG deriving from RNA, RNA contamination being lower 
than 0.5% in samples from all organs, thus resulting in a 
maximum level of 1 pmol 7-mcG/g.moi G due to 7-meG from 
RNA (11). 




NNK CuN DUN NUN! 

150 20 100 2 10 20 6 


Doti (rrg/ko) 

Fig. 1. The ratio (mean ± SE; 4-5 animals per group) between 7-meG in: 
(a) target organ and WBC; (b) liver and WBC. Target organs are as 
defined in Table I. 


Figure 1(a) summarizes the ratio between 7-meG levels in 
target organs and WBC. The ratio varied markedly from one 
carcinogen to another, ranging from 3.6 for NNK to 200 for 
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’MBA- P‘ fferem doses of the sarae carc ' nC) S en ^suited in a 
^ m ;i ar ratio- the ratio was for example 12.5 and 8,6 after 
treatment with DMH at 20 and 100 mg/kg. respectively. 

In fontrast to the ratio between target organs and WBC, the 
ratio between 7-mcG level in the liver and WBC was of the same 
order of magnitude for each carcinogen, ranging from 35 to 100 
(Figure lb). An exception was the lower ratio observed for the 
highest dose of DMH. In this case, increasing the dose from 20 
to°100 mgfkg greatly increased the amount of 7-mcG in WBC 
(and colon) but not in the liver (see Table 1). resulting in a lower 
ratio (8.5 compared to 46.5 with 20 mg/kg). A saturation in 
carcinogen metabolism could have occurred with the high dose 
of DMH administered (15). The amount of 7-meG in WBC and 
liver after treatment with several carcinogens at different dose 
levels was compared in individual animals (Figure 2), excluding 
the data from die treatment with 100 mg/kg DMH for the reasons 
discussed above. A good correlation was found (r = 0.83, 
;• < 0.0001, two-tailed test, n = 26), despite the large range 
of absolute levels of 7-meG in WBC compared to the liver. 


Discussion 


DNA adducts may provide an integrated measure of exposure 
to environmental agents at the individual level. WBC are often 
used as a source of DNA for measurement of adducts in human 
su' j; es, due to ready availability and ease of sampling. Human 
ste -s reporting the presence of DNA adducts in WBC deriving 
from exposure to different classes of carcinogens have been 
reviewed (16). However, a clear relationship between adduct 
formation in internal organs and WBC has not been established 
or even examined for many carcinogens. Similar levels of 
7-medG in human bronchial tissues and lymphocytes have been 
reported, but only five subjects were studied (17). No correlation 
was observed between the total polycyclic aromatic hydrocarbon 
adduct level in lung and WBC, but a significant correlation was 
seen for the major DNA adduct (18). Given the limited scope 
of these studies, it appears that the use of WBC as a surrogate 
for internal organs in the biomonitoring of environmental 
exposure still needs validation. These studies are of course 
difficult to perform, because of unavailability of tissues; the use 
of animal models seems therefore valuable as a first approach 


to examine these relationships. 

In the present paper the relationship between 7-meG formation 
in WBC compared to internal organs in rats treated with several 
methylating carcinogens has been studied, No prior information 
on methylation of WBC DNA by DMH, NNK or NMBA was 
av; " ble, therefore relatively high doses of carcinogen were used 
in study to ensure that 7-meG would be detectable in WBC. 
Our results demonstrated a dose-dependent formation of 7-meG 
in WBC DNA, although the absolute amount of adduct was 
generally much lower than in internal organs. The ratio between 
the level of 7-meG in specific target organs for carcinogenesis 
compared to WBC varied greatly between the different 
methylating agents, whilst ratios were similar for different doses 
of the same agent (Figure la). Therefore, a constant ratio of 
adduct formation in WBC and target tissues does not seem to 
occur. In contrast, when 7-meG levels in WBC and liver were 
compared, a rather narrow range of ratios (35 — 100) was 
observed for the different agents (Figure lb). In addition, a good 
correlation was also seen between the absolute level of 7-meG 
in WBC and liver in individual animals treated with several 
carcinogens at different doses (see Figure 2). This further suggests 
that the presence of 7-meG in WBC DNA is indicative of adduct 
formation in the liver following treatment with methylating 




Fig. 2. Correlation between 7-meG levels in liver and WBC, in individual 
animals, after treatment with different doses of several methylating 
carcinogens; DMN. 2, 10 and 20 mg/kg (■); DMH, 20 mg/kg (▼); 

NNK. 150 mg/kg (A); NMBA, 6 mg/kg (•) (r = 0.S3; P < 0.0001; n 
-- 26). 

agents. It should be noted that different cellular subtypes in 
internal organs were not examined in this experiment. If only 
a small subset of cells, the target cells for carcinogenesis within 
a tissue, were analysed, then the amount of 7-meG may have 
been even higher, resulting in a greater difference in adduct level 
between target cells in internal organs and WBC. Studies in rat 
lung with NNK (19) and rat liver with DMN (20) illustrate this 
point. 

It is noteworthy that 7-meG was also present in tissues from 
control rats. Non-enzymatic DNA methylation, e.g. with S- 
adenosylmethionine, in addition to environmental exposure to 
methylating agents, could lead to 7-medG formation (4,5) and 
of interest are reports discussing the possible formation of 
O^-methyldeoxyguanosine (0 6 -medCr) and 7-medG as a result 
of endogenous cellular processes in mammalian and yeast cells 
(21,22). 7-meG has been previously reported in rat liver from 
untreated animals at levels up to 7 pmol//rmol G (H) and at higher 
levels in mouse tissues (23). Nevertheless, the level of 7-meG 
in the oesophagus was surprisingly high (50 pmol/pmol G) and, 
to our knowledge, has not been reported before. This observation 
is difficult to explain, especially given the lower amount of adduct 
found in the other organs of the same rats, and is under further 
investigation. The measurement of other alkylation adducts, 
including O^-medG, in the same samples could help in 
understanding the underlying mechanisms. 

The question is raised as to whether the active methylating 
species from the carcinogens used in this study are formed directly 
in WBC or derive from metabolic activation in other internal 
organs. Some cytochrome P450s have been detected in human 
lymphocytes (24—27). Rat lymphocytes do not activate DMN 
(28), but the active intermediate formed metabolically from DMN 
appears to have sufficient stability to pass from the hepatocytes 
to circulating lymphocytes (28,29) or to exogenous DNA (30) 
and to penetrate the plasma membrane (31). There is some 
evidence, therefore, that active methylating species could be 
formed in the liver and then transferred to the WBC passing 
through the liver, but the possible metabolism of chemical 
carcinogens by lymphocytes merits further study. 

Some studies on DNA adduct formation in peripheral blood 
cells and target organs after treatment with different carcinogens, 
including methylating agents, have been performed in animals 
and are summarized in Table D. Similar levels of 7-medG were 
repotted in rat liver compared to lymphocytes after oral treatment 
with DMN (32). However, route of administration and animal 
fasting, which were different compared to our experiment, could 
have affected DNA methylation in the liver, and this requires 
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Table D. Correlation between DNA adduct levels in peripheral blood cells and liver in animals treated with different carcinogens 


^Carcinogen* 

Route b 

Species 

Time after 

treatment 

Adduct 

Blood cells 

Ratio liver/ 

blood cells 

Reference 

DMN 

p.Q. 

rat 

6-24 h 

7-medG 

lymphocytes 

1.2 

32 

DMN 

p.o. 

rat 

6-24 h 

0 6 *medG 

lymphocytes 

1-1.4 

32 

DMN 

i-P 

rat 

6 h 

0*-medG 

lymphocytes 

2-3 

33 

PCZ 

p.o 

rat 

2 h 

C^-mcdG 

WBC 

2 

34 

PCZ* 

p,o. 

pig 

4 weeks 

7-medG 

WBC 

1.2 

35 

EtO* 

inh. 

rat 

1 -28 days 

7-OHetG 

WBC 

0.7 

36 

B(a)P 

i.p. 

rat 

NR p 

BPDEI-dGuo c 

WBC 

1.2 

27 

B{a)P 

i.p. 

rat 

1 -21 days 

BPDEI-dGuo d 

lymphocytes 

-1 

37 

B(a)P 

p.o. 

mouse 

24 h 

BPDEI-dGuo 

WBC 

1.4 

38 

B(a)P 

p.o. 

mouse 

24 h 

lota] 

WBC 

2.4 

38 

B(a)P 

p.o. 

rat 

24 h 

BPDEI-dGuo 

lymphocytes 

< 

39 

B(a)P 

p.o. 

rat 

24 h 

local 

lymphocyte; 

0.5 

39 

2-AF 

i.p. 

mouse 

3-24 h 

dG-C8-AF 

WBC 

-10 

40 

2-AF* 

p.o. 

mouse 

0-7 days 

dG-C8-AF 

WBC 

-O.t 

40 

DBC 

p.o. 

mouse 

24 h 

total 

WBC 

22 

38 

Saftole 

p.o. 

mouse 

24 h 

total 

WBC 

51 

38 

PhIP 

p.o. 

rat 

24 h 

total 

WBC 

0.13 

41 


•DMN, dimethylnitrosamine; PCZ, procarbazine; B(a)P, ben 2 o[£i]pyrene; 2-AF, 2-acctylaminofluorone; DBC, 7H-dibenzo[c,g]carbazolc, Carcinogens were given 

in a single administration, except for *. 

b p.o., oral; i.p„ intraperitoncal; inh., inhalation. 

c BPDEI-dGuo, Ar-[7|3,8a:,9oMiihydnDxy-7,8,9, 1 0-teirahydrobenzoia!pyrene]deoxyguanasme. 
d Differcnces in the level of other adducts between liver and WBC were observed. 

*Not measurable because the adduct was not detectable in the liver. 
f Not reported. 


further study. Results reported in Table II with carcinogens other 
than methylating agents showed that the relationship between 
adduct formation in liver compared to peripheral blood cells 
varies from 0.1 to 50, depending both on the carcinogen 
administered and the adduct measured, and are thus consistent 
with our own observations. Qualitative and quantitative 
differences in carcinogen metabolism may play an important role 
in this context. Nitrosamine metabolism involves a cytochrome 
P450-dependent or-hydroxyiation and the elimination of the 
aldehydic group to yield an aikyldiazonium ion as the ultimate 
alkylating species (42). Other reactions, however, specific for 
each agent, may compete with the formation of methylating 
species, including the formation of pyridyloxobutylating or 
benzylating species with NNK. and NMBA, respectively (43,44). 
In addition, different P450s may be involved in the metabolism 
of different nitrosamines (45-47) and expression of P450s varies 
between organs (48—49). DNA repair and cell turnover, will be 
important additional factors in determining variations in adduct 
levels. 

In conclusion, the results reported suggest that the presence 
of DNA adducts in WBC is an indication that carcinogen exposure 
has occurred in internal organs. However, a general relationship 
between adduct levels for different organs does not occur. In the 
case of 7-meG, the levels in WBC do seem to reflect DNA 
methylation in the liver, independent of the methylating agent, 
possibly because the active methylating species is not formed 
directly in WBC, but is formed in and transferred from the liver. 
This has implications for the use of WBC as surrogates for organs 
other than liver in epidemiological studies. However, further 
work is necessary (1) to elucidate the mechanism of DNA 
methylation adduct formation in peripheral blood, (2) to examine 
the correlations with different routes of exposure and (3) under 
conditions of repeated exposure to lower doses, more relevant 
to the human exposure situation and, Finally, (4) to determine 
the persistence of adducts in WBC and internal organs. 
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